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Abstract 
A methodology for coupled flow-geomechanical CO2 storage site performance assessment using the ensemble Kalman filter 
(EnKF) is developed. The methodology is applied to the In Salah case study dataset in order to validate the developed technique. 
The EnKF approach is used to estimate the parameters controlling the performance of the CO2 storage site by assimilating data 
from multiple sources. The controlling parameters in this study are fault/fracture transmissibility and anisotropic permeability at 
the injection wells; and the data sources are the injection wells’ flowing bottom-hole pressure (FBHP) and Interferometric 
Synthetic Aperture Radar (InSAR) surface deformation. The methodology is shown to be effective in updating the parameters 
controlling the performance of the CO2 storage site. 
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1. Introduction 
The ability to detect CO2 migration through fractures, permeable or semi-permeable faults that are pre-existing or 
injection induced is a key component in the performance assessment of geological CO2 storage sites [1]. The 
presence of faults, fractures and related hydro-fractures may lead to enhanced CO2 migration paths and may cause 
changes in the pore-pressure and permeability distribution within the injected zone [2]. Forward and inverse 
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methodologies using InSAR surface uplift observations have been used independently to gain insights into CO2 
storage site performance at In Salah [3, 4, 5, 6, 7].  
In the context of oil and gas production, the Ensemble Kalman Filter (EnKF) has been used to integrate forward 
and inverse coupled flow-geomechanical modelling. Chang et al. [8] tested the applicability of the EnKF to coupled 
flow-geomechanical phenomena due to fluid production and showed an improved performance of the EnKF by 
assimilating both surface subsidence and production data. Wilschut et al. [9] have used the EnKF to assimilate 
surface subsidence and production data to estimate reservoir fault transmissibilities at the Roswinkel field.  
In this study, a methodology, which uses the EnKF to assimilate observations from multiple sources, including 
flowing bottom-hole pressure (FBHP) and InSAR deformation data, was developed for coupled flow-geomechanical 
performance assessment of CO2 storage and applied to the In Salah case study dataset. The methodology involves 
defining an ensemble of coupled flow-geomechanical models that capture the uncertainty in the flow-geomechanical 
model parameters. The EnKF is able to simultaneously assimilate observations from different sources. The ensemble 
of flowígeomechanical models are sequentially updated to honour injection data and geomechanical observations, 
therefore reducing the uncertainty in the driving parameters controlling the performance of the CO2 storage site. Fig. 
1 shows a schematic workflow of the methodology. 
 
 
Fig. 1.    Schematic workflow for the coupled flow-geomechanical performance assessment of CO2 storage sites using the EnKF. 
1.1 The In Salah CO2 storage complex 
In Salah is an industrial-scale CO2 storage project located in central Algeria. Between August 2004 and June 
2011, around 3.8 million metric tonnes of CO2 have been separated from the extracted natural gas from the In Salah 
gas fields and re-injected into the aquifer leg of the Krechba field Carboniferous reservoir through 3 horizontal 
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injection wells KB-501, KB-502 and KB-503 (Fig. 2). The main CO2 storage aquifer is the 20-25 m thick C10.2 
formation with a relatively low permeability at a depth of approximately 1,880 m, which is overlain by the 20 m 
thick tight sandstone and siltstone C10.3 formation. These are in turn overlain by a 950 m thick formation of 
mudstone interbedded with thin dolomite and siltstone layers. The C10 formation, together with the lower cap rock 
(C20.1–C20.3), forms the CO2 storage complex at Krechba. There are three CO2 injection wells at the In Salah 
storage site (KB-501, KB-502, and KB-503). FBHP estimates and InSAR surface uplift data are available over the 
entire injection period (2004-2011) at the site. Further details of the field site layout can be found in Mathieson et al. 
[10]. 
2. Methodology 
The EnKF is a sequential data-assimilation method that updates both model parameters and state variables as data 
measurements become available [11]. The EnKF is an approximation to the Kalman filter, with the error covariance 
approximated from a finite ensemble. A detailed description of the EnKF for reservoir monitoring and continuous 
model updating can be found in Naevdal et al. [12]. The first step in the implementation of the methodology is to 
define an initial ensemble of coupled flow-geomechanical models consistent with any prior knowledge of the initial 
state. Each ensemble contains the parameters and state variables that define the coupled flow-geomechanical model. 
Typical primary parameters for fluid-flow simulations are porosity and permeability. The parameters for elastic 
geomechanical processes are Young’s Modulus and Poisson’s Ratio. State variables for a coupled model include 
pressure, stress, strain and displacement. The next stage is the forecast step. The forecast step consists of a coupled 
flow-geomechanical simulation for each ensemble member. The third stage is the data assimilation or analysis step 
in which both the model parameters and the state of the system are updated to honour the available observations. 
The update to each ensemble member is made using an ensemble approximation to the Kalman gain.   
There are several existing approaches for coupled flow-geomechanical simulations [13]. In this study, a one-way 
coupling approach between the fluid-flow modelling code ECLIPSE and the geomechanical code FLAC3D was 
chosen in order to assess the geomechanical changes associated with CO2 injection. In a one-way coupling approach 
the reservoir model is exported from ECLIPSE to FLAC3D and embedded into a larger geomechanical model with 
sideburden and underburden added to minimise boundary effects. The two codes are sequentially executed and 
linked through an external coupling module. The pore pressure predictions from the ECLIPSE code are exported 
into FLAC3D and act as a load for surface deformation predictions. 
The reservoir/overburden model consisted of 5 stratigraphic units and a total of 15 layers. The main storage 
reservoir C10.2 contains three layers and the overlying tight sandstone formation consists of one layer. The next 4 
layers represent the C20.1-2 formations. The reservoir is attributed with geostatistically simulated porosity and 
permeability values. For the geostatistical simulations, the porosity and permeability data were derived from core 
measurements from 6 wells and were conditioned on seismic porosity surfaces. In this study, one geostatistical 
simulation is used for all ensemble members. The transmissibility for the fault/fracture zone intersecting KB-502 
and the anisotropic permeability multipliers for KB-501 and KB-503 are the uncertain parameters. Expected values 
for these parameters were taken from a previous study by Shi et al. [6]. 
Table 1. Flow properties (based on data by the In Salah JIP) 
 Mean porosity (std. dev) Mean kh, mD Log10(kh)  (std. dev.) kv/kh 
Shallow Aquifer 0.25 (0.2) 1,000 3.0 (0.5) 0.1 
C20.3+ 0.10 (0.01) 0.001 -3.0 (0.5) 0.1 
C20.1-2 0.05 (0.01) 0.1 -1.0 (0.5) 0.1 
C10.3 0.01 (0.01) 0.02 -1.7 (0.5) 0.1 
C10.2 Numerical grid with stochastically generated permeability and porosity values  
 
The set of elastic rock properties defined for the geomechanical model are the Young’s Modulus E and Poisson’s 
ratio Ȟ of the reservoir and the over/side/under-burden rocks (Table 2) based on data provided by the In Salah JIP. It 
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has been noted that the variation of rock elastic properties with depth in layered media can have a significant impact 
on the surface deformation. Vasco et al. [4] have shown that the elastic properties of the lower caprock have a large 
impact on the surface uplift. The elastic properties for the shallow aquifer, the main caprock and the lower caprock 
(C20.1-3) are subject to considerable uncertainty, whereas those for the tight sandstone layer (C10.3), the main 
reservoir (C10.2) and the Devonian underburden are estimated from good quality logs [14]. For this study, the 
geomechanical parameters are kept constant for the ensemble members. 
   Table 2. Geomechanical model rock elastic properties (based on data by the In Salah JIP) 
 E (GPa) Ȟ 
Shallow Aquifer 3.0 0.25 
C20.3+ 5.0 0.30 
C20.1-2 18.0 0.30 
C10.3 20.0 0.25 
C10.2 10.0 0.20 
Devonian 15.0 0.30 
 
It has been shown previously that important features of the site are the dynamic behaviour of the fracture/fault 
zone intersecting injection well KB-502 [2, 15] and the anisotropic flow at injection well KB-501 and KB-503 [6]. 
In an integrated fracture analysis in which fracture network prediction and present-day stress analysis are combined, 
Bond et al. [16] predicted a fracture dominated anisotropic flow field along the NW-SE maximum stress direction 
consistent with InSAR and well data. Against this backdrop and building on a previous study by Shi et al. [6], the 
fracture/fault transmissibility and the anisotropic permeability multipliers were chosen as the parameters to be 
estimated in this study. Three scenarios are defined: 1) No data assimilation; 2) BHP assimilation; 3) joint BHP and 
InSAR data assimilation. In this study only the first two cases were considered. 
The bottom-hole pressures (BHP’s) at the three CO2 injection wells were not measured directly. The BHP is 
estimated from well head pressure measurements using a well model [17]. There is uncertainty in the BHP 
conversion with discrepancies ranging up to ~30 bar [7]. A 5% error was assumed for the estimated BHP, to account 
for the uncertainties in the estimation of the data. 
Surface deformation and uplift has been observed extending laterally for several kilometres at all three CO2 
injection wells (Fig. 2). The Permanent-scatterer InSAR (PSInSAR) processing of Envisat data by Tele-Relivamento 
Europa (TRE) used during the first monitoring period from 2003 to early 2009 are described in Vasco et al. [3, 4] 
and Rucci et al. [18]. During the second monitoring period beginning in November 2009, the SqeeSARTM 
processing technique [19] was employed. In this study, only the BHP estimates are assimilated. 
 
Fig. 2.  January 20, 2012 Surface deformation detected over the CO2 injection and production wells using PSInSAR (courtesy of the In Salah Gas 
Joint Industry Project). 
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3. Results and discussion 
This section presents the application of the above methodology to the In Salah CO2 storage case study dataset 
using an ensemble size of ͸Ͳ. In the first case, no data assimilation is performed. In the second case BHP is 
assimilated on a monthly basis. Fig. 3 shows the match to the estimated BHP for all three injection wells compared 
to the initial case. The range of fault/fracture transmissibilities and anisotropic multipliers that have been used to 
initialise the ensemble are shown in Figures 4 and 5. 
       
 
Fig. 3.   Match to estimated BHP data from the initial ensemble and from the updated ensemble using BHP data assimilation. 
It is interesting to note the evolution of the BHP sensitivity to the ensemble parameters for the initial case with no 
data assimilation. Injection well KB-501 displays a weak BHP sensitivity to the initial parameters. For the second 
half of injection the BHP is over-predicted. The BHP assimilation has a diminished impact in reducing the 
uncertainty. At injection well KB-502 there is a significant increase in BHP sensitivity to the fault/fracture 
transmissibility between 2005 and 2007. Afterwards, as expected the sensitivity is gradually reduced throughout the 
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shut-in period between 2007 and 2009. The sensitivity increases once again in the second injection phase starting 
from the end of 2009 to 2011. BHP assimilation at injection well KB-502 significantly improves the match. The 
BHP predictions for injection well KB-503 display a more constant sensitivity throughout the entire CO2 injection 
period for the initial parameters. Data assimilation also produces a better match to the estimated BHP. After several 
BHP assimilation steps, the uncertainty in the BHP predictions are reduced.  
Fig. 4 shows the updates for the transmissibility at every data assimilation step. The transmissibility increases 
considerably starting in November 2005 consistent with the sighting of the two-lobe uplift deformation pattern. The 
uncertainty increases during the shut in period when injection stopped. Once injection resumes the average 
transmissibility increases and is tuned by the EnKF, reducing its uncertainty. This is in agreement with previous 
interpretations and modelling work [2] suggesting hydraulic stimulation starting in November 2005.    
 
 
Fig. 4.   Updated ensemble transmissibility for well KB-502. 
 
Fig. 5.   Updated ensemble permeability multipliers in the x- and y- direction for well KB-501 and KB-503.  
Fig. 5 shows the updates for the permeability multipliers at every data assimilation step for well KB-501 and KB-
503. The updated anisotropic multipliers for KB-501 suggest an increase in flow over time but the BHP is over-
predicted given the small ensemble variability at this injection well. For KB-503, the average anisotropic multipliers 
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for KB-501 in the x-direction is lower for the initial half of the injection period with an increase observed for the 
second half. The average permeability in the y-direction remains stable. The observed increase in flow over the 
second half of injection at the site is consistent with CO2 being diverted to these two wells during the shut-in period 
at injection well KB-502, increasing the injection rates and enhancing flow. 
Finally, Fig. 6 shows the predicted surface deformation for the initial ensemble and for the BHP data assimilation 
case. Injection well KB-501 follows the correct trend but is slightly over-predicted. At injection well KB-502 there 
is a mismatch starting from the shut-in period. At injection well KB-503 the deformation is under-predicted with a 
mismatch in trend at the start of injection and from the start of 2009. 
 
 
Fig. 6.   Surface deformation predictions from the initial ensemble and from the updated ensemble using BHP data assimilation. 
4. Conclusions 
In this study, a methodology using the EnKF for assessing the coupled flow-geomechanical performance of CO2 
storage sites was tested on the In Salah CO2 storage site. The assimilation of BHP using the EnKF provided an 
effective method for updating the parameters controlling the performance of a CO2 storage site. In particular at well 
KB-502, the results were in agreement with previous modelling studies. The BHP was tracked by the EnKF and the 
dynamic fault/fracture transmissibility was updated accordingly. At injection wells KB-501 and KB-503 the 
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permeability multipliers increased in the second half of injection suggesting enhanced flow due to CO2 injection. 
An underlying assumption was that the parameters are dynamic. The aim was to understand the dynamic 
reservoir changes in response to CO2 injection. The well-known problem of inconsistency in the EnKF analysis was 
not considered and should be further investigated.  
Strictly speaking, only BHP was assimilated in this study, but insight from InSAR deformation patterns were 
used to define anisotropic flow directions and fault/fracture zones. The modelled surface deformation suggests it is 
important to include the uncertainty in the geomechanical parameters in order to improve our geomechanical model. 
Further studies will aim to include uncertainty in geomechanical properties and the assimilation of InSAR surface 
deformation in addition to BHP.     
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